Introduction
Despite countless advances in the field, the pathophysiology of obesity remains complex and poorly understoodwith multiple factors, including environmental factors such as a toxic food environment, playing a key role (1, 2) . For some individuals, a history of early life adversity (ELA), including physical and emotional abuse, trauma, neglect and family discord, can increase the risk of developing obesity in adulthood through mechanisms associated with stress, inflammation, emotional perturbations, maladaptive coping, metabolic disturbances and food addiction (3, 4) . As highlighted by a recent meta-analysis, a history of childhood abuse (physical, emotional, sexual or general) is significantly associated with greater odds of adulthood obesity, and the odds of obesity increased depending on the severity and number of types of abuse (5) . Another study found that severely obese adults undergoing gastric bypass surgery had prevalence rates of childhood abuse as high as 76% even after accounting for factors such as stigma, shame and guilt associated with underreporting (6) . An additional study found that all but two of 63 participants who underwent bariatric surgery reported a history of adverse childhood experience (7) .
Early life adversity experiences can become biologically embedded and lead to cognitive, emotional, somatic and behavioural problems in adulthood (8) . Evidence from neuroimaging studies suggests that a history of ELA can have a sustained impact on the integrity and function of the brain (9) (10) (11) (12) , with brain regions associated with emotional regulation, cognitive modulation and feeding behaviours frequently implicated (12) (13) (14) (15) (16) . Furthermore, salience and emotion regulation brain networks are especially susceptible to topological restructuring associated with ELAs (11) .
Although the relationship between ELA and adult obesity is incompletely understood, some possible explanations for the reported associations have been offered. One main factor has been the link with a compulsive eating behaviour termed food addiction (17, 18) . Although not a Diagnostic and Statistical Manual of Mental Disorders (DSM) diagnosis, the concept of food addiction is based on the substance dependence criteria found in the DSM-IV and DSM-V, describing excessive food intake primarily for pleasure, beyond the homeostatic needs of the organism; this behaviour often involves loss of control over eating, excessive time or focus on food, neglect of other activities and continuation of the behaviour despite known negative consequences (19, 20) . A background of ELA may potentiate food addiction behaviours in some individuals, especially within the context of an environment rich in highly processed, calorie dense and extremely palatable food (4, 21, 22) .
Food addiction is driven by the interactions of dopaminergic pathways with other central nervous system (CNS) networks, such as those involving the hypothalamus. Overindulgence of foods rich in fat and sugar has been shown to reduce CNS reward thresholds, resulting in a drive for higher intake of such palatable foods to achieve similar levels of satisfaction (22) . A history of ELA contributes to an imbalance in these CNS networks (4) . One theory posits that adversity during childhood, a key neurodevelopmental period, may disrupt neuronal growth by making stress-sensitive brain circuits vulnerable to the effects of glucocorticoids, inflammatory cytokines and excitatory microbial metabolites (15, 23) . There is also evidence to suggest a role for changes in the brain's serotonergic signalling by ELA and that these alterations may contribute to obesity and food addiction (15) . For example, a study of 55 women showed that lowering of CNS serotonin by acute tryptophan depletion resulted in increased sweet calorie intake and a heightened preference for sweet foods in overweight but not normal weight individuals (24) . Disruptions to these brain networks may override homeostatic needs and drive the overconsumption of highly palatable foods (25, 26) .
The other factors to consider within a systems biological model of obesity are sex differences -an important basic variable that influences the quality and generalizability of biomedical research (27) . Although studies in the USA suggest similar rates of obesity in men and women (28) , international studies show a greater prevalence in women (29) . Furthermore, striking sex differences have been observed in eating behaviours and food cravings, resulting in an increased risk for obesity (30) (31) (32) . For example, women with obesity report higher food addiction behaviours, cravings, comorbidity and reward sensitivity than men with obesity (33) (34) (35) . Other clear sex differences are reflected in the greater number in women of unsuccessful attempts to maintain weight loss and in the higher progressive weight gain ('yo-yo effect') (29, 32, (36) (37) (38) .
Neuroimaging studies have identified some of the brain mechanisms associated with obesity and food addiction (39, 40) , demonstrating alterations in the core reward network (e.g. nucleus accumbens) and the extended reward network (i.e. emotion regulation, executive control, salience and somatosensory networks) (41) (42) (43) . Beyond identification of anatomical and functional alterations of brain regions, recent neuroimaging studies have shifted their focus on identifying alterations in brain network properties (44) . Within the framework of complex network analysis via graph theory, brain regions can be characterized by their 'centrality' or contribution to the functional integrity and information flow in the entire brain network (45) (46) (47) (48) . Regions with high centrality are considered essential for information flow and integrative processing (46, 49, 50) . Previous work has shown that individuals who are overweight demonstrate increased centrality between reward network regions and regions of the executive control, emotional regulation and somatosensory networks (41); sex-specific brain alterations have also been reported in obesity and ELA studies (11, (51) (52) (53) (54) (55) (56) (57) . These findings underscore the importance of studying ELA and sex-related differences in the alterations of core and extended reward networks in obesity.
Previouse studies have explored the interaction between body mass index (BMI), brain centrality and food addiction (58) . This study expands on previous work and investigates commonalities and differences between men and women in the relationship between ELA and alterations in the extended reward network of the brain, within the context of food addiction. Three hypotheses are tested: (1) increased ELA is associated with greater functional measures of centrality between core and extended reward regions in individuals with high BMI compared with individual with normal BMI. (2) The observed ELA-brain associations are greater with food addiction levels in individuals with high BMI compared with invididuals with normal BMI. (3) In women with high BMI, greater ELA is associated with increased centrality of reward and emotion regulation regions but decreased centrality of salience regions. In contrast, in men with high BMI, greater ELA is associated with increased centrality of somatosensory regions.
Materials and methods

Participants
Participants between the ages of 18 and 50 years were recruited through the University of California, Los Angeles, and local community advertisements. A nurse practitioner performed a clinical assessment of all participants, which included a mini-mental state exam (59, 60) . The sample was composed of 186 right-handed participants (84 men and 102 women), with the absence of significant medical or psychiatric conditions. Participants were excluded for the following: pregnant or lactating, illicit drug use and substance abuse including alcohol abuse as specified by DSM criteria, abdominal surgery, tobacco dependence (half a pack or more daily), extreme strenuous exercise (>8 h of continuous exercise per week), current or past psychiatric illness and major medical or neurological conditions. Participants taking medications that interfere with the CNS or regular use of analgesic drugs were excluded. Because female sex hormones such as oestrogen are known to affect brain structure and function, only women who were in premenopausal with regular menstrual cycles and who were scanned during the follicular phase of their menstrual cycles (i.e. 4-12 d after the first day of the last menstrual period) were included in this study.
Participants with hypertension, diabetes, metabolic syndrome, eating disorders, such as anorexia or bulimia, substance abuse, tobacco dependence and psychiatric illnesses were excluded to minimize confounding effects. Participants were also excluded if they had undergone any bariatric surgery. The BMI cut-offs are as follows: the normal BMI group consisted of individuals with BMI < 25, and the high BMI group consisted of individual with BMI ≥25 (overweight and obese). Previous work has shown that the overweight and obese brain shows similar alterations in reward networks of the brain (41) . No participants exceeded 400 lb because of magnetic resonance imaging scanning weight limits.
All procedures complied with the principles of the Declaration of Helsinki and were approved by the Institutional Review Board at UCLA's Office of Protection for Research Participants. All participants provided written informed consent.
Questionnaires
Participants filled out the Yale Food Addiction Scale (YFAS) questionnaire, a 25-item scale developed to measure food addiction by assessing signs of substance dependence symptoms in eating behaviour (61) . This scale is based upon the substance dependence criteria found in the DSM-IV (19) (e.g. tolerance [marked increase in amount; marked decrease in effect], withdrawal [agitation, anxiety and physical symptoms] and loss of control [eating to the point of feeling physical ill]) (61) . Although food addiction is often measured using the diagnostic criteria with a YFAS cut-off score of 3 to indicate a dichotomous 'diagnosis', we used the symptom count measure for our tripartite analysis (described in the succeeding texts), as this analysis functions best with continuous variables. For our study, higher YFAS symptom scores indicate greater addiction-like criteria. The YFAS has displayed a good internal reliability α = 0.86 (61) . The internal reliability for the study sample for YFAS was α = 0.73. Subjective socio-economic status was measured using the MacArthur Scale of Subjective Social Status, a tool that has been previously used in large epidemiological studies conducted in the USA (62) .
Early life adversity was measured using the Early Traumatic Inventory -Self Report (ETI-SR) (63), a 27-item (total score 0-27) questionnaire. This questionnaire assesses the histories of childhood traumatic and adverse life events that occurred before the age of 18 years old and covers four domains: general trauma (11 items), physical punishment (five items), emotional abuse (five items) and sexual abuse (six items). General traumatic events comprise a range of stressful and traumatic events that can be mostly secondary to chance events. Sample items on this scale include death of a parent, discordant relationships or divorce between parents or death or sickness of a sibling or friend. Physical abuse involves physical contact, constraint or confinement, with intent to hurt or injure. Sample items on the physical abuse subscale include being spanked by hand or being hit by objects. Emotional abuse is verbal communication with the intention of humiliating or degrading the victim. Sample items on the ETI-SR emotion subscale include the following, 'Often put down or ridiculed' or 'Often told that one is no good'. Sexual abuse is unwanted sexual contact performed solely for the gratification of the perpetrator or for the purposes of dominating or degrading the victim. Sample items on the sexual abuse scale include being forced to pose for suggestive photographs, to perform sexual acts for money or to coercive anal sexual acts against one's will. Each subscale score was calculated based on the number of items receiving a positive response. The ETI-SR was the instrument chosen because of its psychometric properties, ease of administration, time efficiency and ability to measure ELAs in multiple domains (63) . Each ETI-SR subscale has good reliability (α = 0.70-0.87) and validity (r = 0.32-0.44) (63) . The internal reliability for the study sample for the ETI-SR total scale was α = 0.70.
Magnetic resonance imaging acquisition
Whole brain structural and functional (resting state) data were acquired using a 3.0 T Siemens Prisma MRI scanner (Siemens, Erlangen, Germany). Women were scanned during the follicular phase of their menstrual cycle. Detailed information on the standardized acquisition protocols, quality control measures and image preprocessing are provided in previously published studies (11, 41, 56, 57, 64, 65) . 
Structural magnetic resonance imaging
Functional magnetic resonance imaging
Resting-state scans were acquired with eyes closed and an echo planar sequence with the following parameters: echo time/repetition time = 28 ms/2,000 ms, flip angle = 77°, scan duration = 10m0s-10m6s, field of view = 220 mm, slices = 40 and slice thickness = 4.0 mm, and slices were obtained with whole-brain coverage.
Preprocessing of images
Preprocessing and quality control was performed using Statistical Parametric Mapping-8 (SPM8) software and involved bias field correction, coregistration, motion correction, spatial normalization, tissue segmentation and Fourier transformation for frequency distribution. Data were then spatially normalized to the Montreal Neurological Institute template using the structural scans; previous studies suggest that this is adequate for reliable functional connectivity estimates (66) (67) (68) . The average temporal signal-to-noise ratio was 50.4, as assessed by the MRIQC toolbox (69) . A temporal signal-to-noise ratio of 50.4 is at least comparable with that in many published large-scale studies (70) .
Magnetic resonance imaging processing
Structural image parcellation
T1-image segmentation and cortical and subcortical regional parcellation were conducted using FREESURFER v.5.3.0 (71-73) following the nomenclature described in the Destrieux and Harvard-Oxford subcortical atlas (74, 75) . This parcellation results in the labelling of 165 regions, 74 bilateral cortical structures, seven subcortical structures, the midbrain and the cerebellum (76) .
Functional brain construction
Functional brain networks were constructed as previously described (11) . To summarize, linear measures of regionto-region functional connectivity (Pearson's correlations) were computed using the CONN toolbox (77) . The resting-state images were filtered using a bandpass filter (0.008/s < f < 0.08/s) to reduce the low-frequency and high-frequency noises. A component-based noise correction method, aCompCor (77) , was applied to remove nuisances for better sensitivity and specificity of the analysis. Six motion realignment parameters and their firstorder temporal derivatives along confounds for white matter and cerebrospinal fluid (based on aCompCor results) were removed using regression. Although the influence of head motion cannot be completely removed, aCompCor has been shown to be particularly effective for dealing with residual motion relative to other methods (78) . The connectivity between the 165 brain regions was indexed by a matrix of Fisher z-transformed correlation coefficients reflecting the association between average temporal BOLD time series signals across all voxels in each brain region. The connectivity matrix was then smoothed with a 4-mm isotropic Gaussian kernel. Functional connections were retained at z > 0.3, and all other values were set to 0. The magnitude of the z-score represents the weights in the functional network.
Brain regions of interest
Based on previous research (11, (79) (80) (81) 
Computing network metrics
The Graph Theory GLM toolbox (www.nitrc.org/projects/ metalab_gtg) and in-house MATLAB scripts were scripts were used to calculate and analyse the brain network properties and organization from the participant-specific functional brain networks for the brain regions of interest. Regions with high centrality are highly influential, communicate with many other regions, facilitate functional integration and play a key role in network resilience to insult (48) . Three indices of centrality were computed: (1) degree strength (DS) reflects the number of other regions a brain region interacts with functionally (local prominence), (2) betweenness centrality (BC) reflects the ability of a region to influence information flow (signalling) between two other regions and (3) eigenvector centrality (EC), where higher values indicate the region is directly connected to other highly connection regions reflective of the global (versus local) prominence of a region.
Statistical analysis
Tripartite network analysis was performed to integrate information from (1) ELA (ETI-SR questionnaire), (2) food addiction (YFAS questionnaire) and (3) functional network metrics characterizing the centrality regions of interest. Spearman correlations were computed between all data types controlling for age and sex for between disease group comparisons and for age for within sex comparisons in MATLAB version R2015b. Results were adjusted for multiple testing using a false discovery rate of 5% and thresholded for significance at an adjusted p of q < 0.05. Next, nodes (ELA scores, YFAS scores and brain centrality metrics) and edges (significant z values) The results are described in terms of direct effects (nodes connected by an edge) or indirect effects (nodes that are connected to other regions via the edges of other nodes but that do not share an edge). The analysis presumes that associations present in one group, which are missing in another, not only differentiate the groups but also indicate potential clues to the functionality of the system; this approach has been used previously (58, 82) .
Comparisons were made between all the brain networks representing each group in order to identify desease and sex effects: (1) the high BMI group versus the normal BMI group (disease effect) and (2) the women with high BMI group versus the men with high BMI group (sex effect). Each group was examined in how the they differ in the areas of significant associations between ETI-SR, brain connectivity and food addiction scores (YFAS).
Results
Participant characteristics
Participant characteristics are summarized in Tables 2A  and 2B Participants with high BMI reported higher scores on ETI-SR general (p = 0.02), emotional (p = 0.0006) and total (p = 0.00007). Although there were no significant differences in YFAS scores among the groups, men and women with high BMI, on average, showed higher scores than men and women with normal BMI (4.00 and 3.98 vs. 1.70 and 2.29, respectively). Similarly, all participants with high BMI, regardless of sex, had higher levels of YFAS than participants with normal BMI (3.98 vs. 2.04, respectively). A total of 17.4% of participants with high BMI reported a diagnostic (≥3) YFAS score, compared with 0% of participants with normal BMI (p = 0.032). A total of 8.0% of men with high BMI reported a diagnostic YFAS score, compared with 22.7% of women with high BMI (p = 0.188). There were no significant differences in subjective socio-economic status among any of the groups.
Comparing the association networks of the high body mass index group with the normal body mass index group
Results are summarized in Tables 3 and 4 and depicted in Figure 1 .
Impact of early life adversity
Only the normal BMI group showed numerous positive associations between ETI-SR total score and centrality of brain regions in the executive control network: left dlPFC (EC: r = 0.30, q = 0.02), bilateral OFG (EC left: r = 0.34, q = 0.02; EC right: r = 0.37, q = 0.003) and bilateral mPFC (EC left: r = 0.26, q = 0.049; EC right: r = 0.39, q = 0.003). No significant associations were found in the high BMI group with centrality of executive control regions.
The normal BMI group also showed a negative association between ETI-SR total and centrality of a somatosensory region: left thalamus (BC: r = À0.28, q = 0.03). In contrast, the high BMI group showed a positive association between ETI-SR physical and centrality of a different region of the somatosensory network: right putamen (BC: r = 0.26, q = 0.02). Both groups showed negative associations between ETI-SR physical and centrality of the left aINS (high BMI BC: r = À0.25, q = 0.04; normal BMI DS: r = À0.31, q = 0.03).
Associations of brain networks with food addiction scores
Compared with the normal BMI group, those with high BMI showed negative associations between YFAS and centrality of bilateral thalamus (DS right: r = À0.36, q = 0.006; DS left: r = À0.38, q = 0.003; and EC left: r = À0.27, q = 0.049).
Association of early life adversity with alterations in the extended reward network and with food addiction
The high BMI group showed an indirect association between ELA and food addiction scores through centrality of VTA-SN (ETI-SR physical BC VTA-SN: r = À0. Comparing the association networks of women with high body mass index with men with high body mass index
Results are summarized in Tables 3 and 4 and depicted in Figure 2 .
Impact of early life adversity
Both men and women with high BMI showed positive associations between ETI-SR and centrality of reward Only the men with high BMI showed a negative association between ETI-SR physical and centrality of an executive control region: left vlPFC (EC: r = À0.37, q = 0.04), while no significant associations were found in the women with high BMI with centrality of executive control regions. Early adversity and food addiction V. Osadchiy et al. 
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Associations of brain networks with food addiction scores
Early life adversity is associated with alterations in the extended reward network and with food addiction
Men showed an indirect association between ELA and food addiction through centrality of right thalamus (ETI-SR sexual DS right thalamus: r = 0.37, q = 0.02; DS right thalamus YFAS: r = À0.54, q = 0.01) and left thalamus (ETI-SR sexual DS left thalamus: r = 0.31, p = 0.03; DS left thalamus YFAS: r = À0.58, q = 0.006).
Discussion
The goal of the current study was to investigate the association of ELA with measures of connectivity in the core and extended reward network of the brain and with a measure of food addiction. In addition, this study aimed to determine if these associations differ according to sex. Individuals with high BMI had positive associations Figure 1 Tripartite association network of the high body mass index (BMI) and normal BMI groups. This figure demonstrates the tripartite association network of the high BMI and normal BMI groups to underscore disease effect. Functional brain connectivity of regions of interest is presented with the region of interested noted in a larger font, with the connectivity measure and lateralization indicated below in the form X_Y, where X indicated a connectivity measure (B, betweenness centrality; E; eigenvector centrality; S, degree strength) and Y indicates lateralization (B, bilateral; L, left; R, right). ACC, anterior cingulate; aINS, anterior insula; Amg, amygdala; CaN, caudate; dlPFC, dorsal lateral prefrontal cortex; ETI Emot, early traumatic inventory subscale emotion score; ETI Gen, early traumatic inventory subscale general scores; ETI Phys, early traumatic inventory subscale physical scores; ETI Sex, early traumatic inventory subscale sex scores; ETI Total, early traumatic inventory subscale total scores; mPFC, medial prefrontal cortex; NAcc, nucleus accumbens; OFG, orbital frontal gyrus; Pu, putamen; Tha, thalamus; vlPFC, ventral lateral prefrontal cortex; VTA-SN, ventral tegmental area/substantia nigra; YFAS, Yale Food Addiction Survey.
of ELA with centrality of emotion regulation regions; these associations were accompanied by increased food addiction scores. Participants with normal BMI showed positive associations between ELA and centrality of executive control regions. BMI-related differences are influenced by sex; women with high BMI showed positive associations between ELA and centrality of reward regions, emotion regulation regions and food addiction scores. Men with high BMI showed associations of ELA with food addiction through centrality of somatosensory regions. These results support the hypothesis that ELA events during childhood may alter connectivity of brain regions in the extended reward network, perhaps contributing to increased vulnerability for food addiction and obesity in adulthood, with these vulnerabilities differing by sex. This is the first study to investigate the role of ELA on brain networks, obesity and food addiction within the context of a comprehensive, systems biology based model that integrates sex differences.
Higher levels of ELA (physical and total) were positively associated with both emotion regulation (amygdala and ACC) and somatosensory (putamen) regions. In contrast, negative associations were observed with salience (aINS) and executive control (dlPFC) regions. In comparison, individuals with normal BMI had positive associations between ELA (emotional and total) and executive control regions (mPFC) and negative associations with ELA (physical and total) and salience (aINS) and somatosensory (thalamus) regions. The study hypotheses, though, were only partially supported as the positive association between ELA and centrality in reward regions in participants with high BMI did not survive correction for multiple comparisons.
Alterations in reward and emotion regulation regions have been previously demonstrated in individuals with obesity (41, 56, 57) . The basal ganglia and the related corticostriatal pathways, in particular, play a crucial role. The nucleus accumbens is a central part of the dopamine system, regulating reward sensitivity and controlling processes underlying food intake and food addiction (39) . The reward deficiency model suggests that in obesity, the presence of decreased dopamine signalling in the striatum reinforces the rewarding properties of food and disrupts corticostriatal communication between the basal Figure 2 Tripartite association network of the women with high body mass index (BMI) and men with high BMI groups. This figure demonstrates the tripartite association network of the women with high BMI and men with high BMI groups to underscore sex effect. Functional brain connectivity of regions of interest is presented with the region of interested noted in a larger font, with the connectivity measure and lateralization indicated below in the form X_Y, where X indicated a connectivity measure (B, betweenness centrality; E; eigenvector centrality; S, degree strength) and Y indicates lateralization (B, bilateral; L, left; R, right). ACC, anterior cingulate; aINS, anterior insula; aMCC, middle anterior cingulate; Amg, amygdala; CaN, caudate; dlPFC, dorsal lateral prefrontal cortex; ETI Emot, early traumatic inventory subscale emotion score; ETI Gen, early traumatic inventory subscale general scores; ETI Phys, early traumatic inventory subscale physical scores; ETI Sex, early traumatic inventory subscale sex scores; ETI Total, early traumatic inventory subscale total scores; Hipp, hippocampus; mPFC, medial prefrontal cortex; NAcc, nucleus accumbens; OFG, orbital frontal gyrus; Pal, pallidum; Pu, putamen; sgACC, subgenual anterior cingulate; Tha, thalamus; vlPFC, ventral lateral prefrontal cortex; VTA-SN, ventral tegmental area/substantia nigra; YFAS, Yale Food Addiction Survey. ganglia (core reward) and the extended reward system (83, 84) . Similar to other addictive disorders in which perturbations in brain regions within the core and extended reward networks have been reported, a less responsive dopamine system leads to a greater propensity towards obesity (40, (85) (86) (87) (88) . The extended reward system involves regions associated with salience and cortical inhibition (prefrontal control) networks (39, (89) (90) (91) . In obesity, the salience network integrates salient information to make decisions regarding food intake (92) (93) (94) (95) and, together with the executive control network, inhibits reward impulses (96, 97) . When viewed together with these reports, the study results suggest that in individuals with high BMI, ELAs may further increase the engagement of emotion regulation and reward regions, perhaps contributing to increased food seeking behaviours, as measured by YFAS.
In participants with high BMI, levels of food addiction were negatively associated with centrality of the thalamus (somatosensory network). These study results are consistent with previous studies, which have demonstrated decreased functional activation and anatomical connectivity of somatosensory regions in obesity (40, 41, 53, 56, 57, 98, 99) . Food addiction has been implicated in obesity as a result of alterations in the extended reward network (39, 40, 94) ; the somatosensory network represents an important component of the extended reward network, playing a key role in interoceptive and sensory awareness and generating appropriate motor responses (41, 100, 101) . These findings may reflect reduced dopamine signalling in the thalamus and perhaps the striatum as a whole, which has been associated with reinforcing the rewarding properties of food and, in individuals with high BMI but not normal BMI, with increased metabolism in somatosensory cortical regions (83) .
In participants with high BMI, ELA (physical) scores showed increased associations with food addiction through increased centrality of reward regions (VTA-SN, an important hub of dopaminergic signalling (102)). These associations were not seen with other ELA subscores. In individuals with normal BMI, higher levels of all ELA subscores were associated with lower food addiction through increased centrality of the executive control regions (OFG and mPFC).
The relationships between different types of ELA and alterations in functional and anatomical brain connectivity measures has been explored previously (11) . ELA (general) may not be as severe or personal in nature as other ELAs and may actually serve as a source of increased resilience (11) . Participants with normal BMI showed associations between food addiction and ELA (general), reflecting associations that may be protective. Participants with high BMI (high BMI group and men with high BMI) showed associations between food addiction and other, non-general ELAs (physical and sexual), perhaps reflecting the more deleterious nature of these ELAs. Individuals with a history of general ELA (as opposed to physical or sexual) may be more likely to translate these experiences into adulthood resiliency, which may explain the potentially protective nature of these experiences (103) . These findings provide a more nuanced understanding of the relationship between ELA and food addiction.
The basal ganglia (regions within the reward network) receive input from several cortical (including sensory, motor and executive control), limbic, salience and midbrain regions. The basal ganglia are involved in a range of learning behaviours related to the anticipation and motivation associated with ingestive behaviours (39, 104, 105) . The study results demonstrate evidence that ELA may increase food addiction through increased centrality of core reward regions. Although causality remains to be determined, these findings suggest that in addition to obesity, ELA plays a role in alterations in the extended reward regions, which are associated with food addiction. ELA may contribute to disruptions in the topology of these brain regions and increase vulnerability to develop food addiction, relative to changes seen in obesity alone. Longitudinal studies will need to determine if obesity and its associated metabolic changes cause rewiring in brain architecture or if genetic factors and ELA are the primary drivers in shaping brain networks and predisposing an individual to develop maladaptive eating behaviours.
In women with high BMI, higher food addiction scores were associated with greater centrality in the core reward regions; however, in men with high BMI, higher food addiction scores were associated with decreased centrality of core reward and salience regions. Additionally, the network of women with high BMI revealed a negative association between food addiction and centrality of the executive control network (vlPFC), whereas in the network of men with high BMI, this association was positive (OFG and vlPFC). These differences are consistent with previous work describing increased post-prandial activations in reward regions in women and somatosensory regions in men (53, 56, 57, 98, (106) (107) (108) (109) . In women with high BMI, greater engagement of reward regulation networks, combined with reduced engagement of executive control regions, may increase susceptibility to cravings for certain foods, especially sugar (53, (108) (109) (110) . Furtheremore, disruptions to these regions in women have been shown to result in hyperphagia (53, 107, 108) . These findings at the brain level are consistent with epidemiological studies that show sex-related differences in food addiction related to the types of foods craved and the intensity and frequency of the cravings (31, 32) . For example, women crave sweets such as chocolates, while men crave savoury foods. Additionally, women report more trait-related and state-related cravings, finding it more difficult to cognitively regulate or restrain food cravings (31, 32) . On the other hand, men consume larger bite sizes and chew faster and more forcefully compared with women (32) . This is consistent with the study results, which show an association between ELA (sex) and food addiction through centrality in somatosensory (thalamus) regions only in men with high BMI. These ingestive patterns could translate to women eating more often and men consuming larger meals in response to ELA.
Compared with men with high BMI, women with high BMI report higher food addiction behaviours, cravings, comorbidity, reward sensitivity and repeated unsuccessful attempts to maintain weight loss (33) (34) (35) . The findings reported here, which suggest that men with high BMI differ from their female counterparts in the processing and modulation of rewarding food stimuli, may be attributed to the ability of oestrogen to modulate dopaminergic and serotonergic signalling (40, 111) . 17-Beta-estradiol has been shown to directly potentiate dopamine release in the rat nucleus accumbens (112) . It is also important to note that serotonergic neurons in the midbrain differentiate early during CNS development, with sex differences in the serotonergic system of the rat brain established as early as the second postnatal week, likely mediated by intracellular oestrogen receptors (113, 114) . These developmental sex differences may set the stage for enhanced corticolimbic responsiveness to emotional stimuli in women (115) . Alternatively, the sex-specific interactions between ELA, brain connectivity and food addiction behaviours may be a result of differential activation of the hypothalamic-pituitary-adrenal axis. Although at times conflicting, data from numerous studies have demonstrated notable sex differences with respect to stressinduced cortisol levels (116) (117) (118) . It is important to note, though, that sex differences may not represent exclusively fundamental biological differences, as hedonic food intake may also be influenced by cultural differences in societal expectations from men and women (119, 120) .
The cross-sectional nature of the study did not enable us to address questions of causality between the observed brain changes, clinical/behavioural outcomes, self-reported ELA and obesity. Future studies will need to determine if the observed alterations in the brain's extended reward network in obesity represent a pre-obesity state, increasing the risk of developing maladaptive eating patterns during stress. Alternatively, they may be a consequence of remodelling of the brain as a consequence to ELA or obesity. Another limitation of the cross-sectional nature of this study is that it is not possible to discern whether the differences in brain circuitry, which are influenced by ELA, contribute to food addiction or if the food addiction behaviours themselves contribute to the observed differences in the brain. Although BMI, which expresses the relationship between height and weight and is the most widely used measure of obesity, is not ideal as it does not translate to the presence of disease. Therefore, future studies may consider other measures of obesity such as waist-hip ratio or visceral adiposity in order to validate the current BMI studies. Future studies, which are appropriately powered, may benefit from three group subanalysis, further dividing the high BMI group into 'overweight' and 'obese' categories.
To measure ELA, ETI-SR was used, which does not capture the age at which the ELA occurs. Future studies may benefit from incorporating other measures of ELA that capture this information or include it into the weight of the ELA score or that quantify severity such as the Adverse Childhood Experiences questionaire (121) . ETI-SR may also be limited by recall accuracy; future, long-term longitudinal studies would likely more accurately reflect ELA that may be missed with self-report questionnaires. Additionally, future studies may benefit from less stringent exclusion criteria, including individuals who have experienced ELAs but are less healthy and suffer from other forms of addictive disorders. To assess for food addiction, we used the original YFAS (19) , which is based on the DSM-IV. Future studies may benefit from using the YFAS 2.0, which is based on the DSM-5 criteria (122) . Larger samples are needed with a wider range of clinical and behavioural symptoms in order to assess subgroup differences (e.g. obese versus overweight versus normal weight or high food addiction versus low food addiction; different ethnicities). Future studies with larger sample sizes will also allow for mediation and moderation analyses to be conducted. Although various trends in the data were observed, some of these trends may be due to a limited sample size, especially with respect to subgroup differences. Assessments for depression and anxiety, which are often comorbid conditions in obesity, will help to characterize obesity states. When treating YFAS as a dichotomous variable (using the accepted threshold of ≥3), YFAS was associated with having a higher BMI, although no statistically significant differences in YFAS scores by BMI status emerged when treating YFAS as a continuous variable; our results should be interpreted within this context. In addition, multimodal imaging will provide a better understanding of these findings. As systemic inflammatory markers (123) and metabolites such as those derived from the gut microbiota have been associated with obesity and food addiction, future mechanistic studies that integrate these mediators are also of value.
This study builds on previous work exploring the relationship between ELA, obesity and food addiction.
Participants with high BMI showed higher positive associations between ELA and centrality of emotional regulation regions and food addiction scores. In contrast, participants with normal BMI showed higher positive associations between ELA and centrality of executive control regions. These ELA-brain interactions differed substantially by sex, contributing to a more nuanced understanding of the forces driving the pathophysiology of obesity and food addiction. Women with high BMI showed positive associations with ELA and centrality of reward and emotional regulation regions and with food addiction. In contrast, men with high BMI showed associations with ELA and centrality of somatosensory regions and food addiction. These findings may have implications for more effective, sex-specific and behavioural treatments for obesity, especially for individuals whose obesity may be driven primarily by food addiction. For clinicians treating patients with obesity and food addiction, a more personalized treatment plan, incorporating patient sex and history of ELA, may be of value especially when treatment includes brain-directed therapies such as cognitive behavioural therapy.
